Mutants of Autographa californica and Galleria mellonella nuclear polyhedrosis viruses, which produce an altered plaque phenotype as a result of reduced numbers of viral occlusions in infected cells, were isolated after passage in Trichoplusia ni (TN-368) cells. These mutants, termed FP (few-polyhedra) mutants, had acquired cell DNA sequences ranging from 0.8 to 2.8 kilobase pairs in size. The insertions of cell DNA occurred in a specific region between 35.0 and 37.7 map units of the A. californica viral genome. A cloned viral fragment containing one of the host DNA inserts was homologous to host DNA inserts in two other mutant viruses and to dispersed, repetitious sequences in T. ni cell DNA. Most of the homology between the cloned insert and cell DNA was contained within a 1,280-base-pair AluI fragment. Marker rescue studies and analysis of infected-cell-specific proteins suggested that the insertion of cell DNA into the viral genomes resulted in the FP plaque phenotype, possibly through the inactivation of a 25,000-molecular-weight protein.
Nuclear polyhedrosis viruses (NPV) produce two infectious forms: viral occlusions (polyhedra) and nonoccluded, extracellular virus. The viral occlusions are proteinaceous crystals in which many virions are embedded. They are assembled in the nuclei of infected cells and are responsible for the horizontal transmission of the disease. Nonoccluded, extracellular virus (ECV) acquire envelopes by budding through the plasma membrane of infected cells and are responsible for secondary infection within an infected insect or cultured cells.
Serial propagation of Autographa californica, Trichoplusia ni, and Galleria mellonella MNPVs (14, 18, 31) and Heliothis zea SNPV (M. J. Fraser and W. J. McCarthy, unpublished data) in cell cultures with the ECV as inoculum results in a progressive increase in the percentage of a class of spontaneous mutants which produce fewer occlusions in infected cells than the wildtype virus. Most of the mutant occlusions are devoid of nucleocapsids, whereas some contain fewer nucleocapsids or defective particles (14, 18, 31) . These mutants, termed FP (few-polyhedra) mutants, are easily detected because they produce a distinctive plaque morphology (13, 18, 31) . FP mutants are usually detected within three or four passages in cultured cells (14, 17) , are nondefective for replication (14, 31) , and have been isolated from infected insects and cultured cells (14, 17) . These features distinguish FP mutants from mutagen-induced occlusion morphology mutants (5, 9) or temperature-sensitive mutants (4, 26) , occlusion-negative mutants produced by site-directed mutagenesis (35) , or the many morphogenic mutants with defective occlusions that have been observed by electron microscopy after long term (30 or more) serial passages (19, 23, 27, 33) . Kelly (22) recently reviewed some of the properties of FP mutants.
Miller and Miller (28) describe a FP mutant of A. californica MNPV which contains an insertion of host cell DNA between 86.4 and 86.6 map units of the A. californica MNPV genome. They also demonstrate that this insertion is homologous to moderately repetitive host DNA and structurally resembles a Drosophila copia-like element. They speculate that the inserted DNA is probably responsible for generating the FP phenotype. However, they also note that other FP mutants have been described which contain no discernable insertions (31) , whereas insertions are found in phenotypically wild-type virus (6) . These data suggest that there may be more than one mechanism to produce the FP phenotype.
In the present study, we obtained FP mutants from plaque-purified strains of the closely relat-ed baculoviruses, A. californica MNPV (AcMNPV) and G. mellonella MNPV (GmMNPV) (36) (14) . The E2 strain of A. californica AMNPV (36) was propagated in T. ni larvae, and viral occlusions were isolated as above.
Preparation of ECV from infected G. mellonella or T. ni larvae and inoculation of the T. ni (16) cell cultures were as described previously (14) . Plaques which exhibited the MP (many polyhedra, wild-type) morphology in 0.75% agarose overlay assays (12) of first cell-culture-passaged virus were purified (14) . These isolates were used as inocula for subsequent passages at multiplicities of 1 to 5 PFU per cell.
Each plaque-purified MP isolate was passed individually through three successive cultures of T. ni cells and assayed for the presence of FP mutant plaques. Several FP plaques from each MP passage series were plaque-purified as described above. These were used as inocula for 100-ml suspension cultures.
Spodoptera frugiperda IPLB-SF21AE cells (42) were transfected with AcMNPV DNA which was isolated from occlusion bodies derived from infected T. ni larvae. One FP mutant was plaque-purified, designated AcFP6, and was grown in S. frugiperda cells.
Suspension cultures and isolation of ECV DNA. Suspension cultures of T. ni or S. frugiperda cells (14) were inoculated at densities of 1.5 x 106 (T. ni) or 3.0 x 106 (S. frugiperda) cells per ml with about 0.5 x 107 to 1.0 x 107 PFU of virus. After 2 to 3 days at 29°C, viral occlusions and cell debris were removed by centrifugation at 7,500 x g for 20 min.
The ECV was pelleted from the clarified cell culture supernatants by centrifuging at 100,000 x g for 30 min. The virus pellets were suspended in 10 ml of TEB (TEB is 0.01 M Tris-hydrochloride-0.001 M EDTA, pH 7.5), and the virus was purified by banding in linear 25 to 50% (wt/wt) sucrose gradients (made in TEB) at 100,000 x g for 1 h. The virus bands were collected and diluted with three volumes of TEB, and the virus was pelleted by centrifugation at 100,000 x g for 30 min. The virus pellets were suspended in 1 ml of 0.15 M KCI-0.01 M Tris-hydrochloride-0.01 M EDTA (pH 7.5), heated to 65°C for 15 min, and then cooled to 55°C. The proteins were digested for 1 h at 55°C by adding sodium dodecyl sulfate (SDS) to 1% and proteinase K to 0.1 mg/ml. The proteinase K-treated virus preparations were extracted once with equal volumes of buffer-saturated phenol and chloroform-isoamyl alcohol (24:1), followed by two extractions with two volumes of chloroform-isoamyl alcohol (24:1). The extracted preparations were dialyzed extensively against 0.1 x SSC (1 x SSC is 0.015 M sodium citrate-0.15 M NaCl, pH 7.5).
Restriction enzyme analyses and Southern transfer. Plasmid or viral DNAs were digested with restriction endonucleases AluI, EcoRI, HindIII, ClaI, SacI, Sall, PstI, XhoI, XbaI, or BamHI under conditions specified by the manufacturer (Bethesda Research Labs). The digested DNAs were fractionated on horizontal 0.75% agarose gels (20 by 20 cm) (36) . After electrophoresis, the gels were soaked with gentle agitation in two changes of 0.25 M HCl for 15 min each, followed by a brief rinse in distilled water and two 15-min washes in 0.5 M NaOH-1.5 M NaCl. The gels were neutralized with two 30-min washings in 1 M NH4 acetate-0.02 M NaOH and transferred to nitrocellulose sheets (presoaked in the same buffer) by the bidirectional modification (37) (34) . Nitrocellulose blots of restriction enzyme gels were prepared for hybridization as previously described (37) . Hybridization was carried out with 100,000 cpm of labeled DNA per ml for 24 h at 45°C in buffer composed of 5x SSC, 5x Denhardt solution (1 x Denhardt solution is 0.02% bovine serum albumin-0.02% polyvinylpyrollidine-0.02% Ficoll), 20 mM sodium phosphate (pH 6.5), 50% deionized formamide, and 100 ,ug of sonicated, denatured calf thymus DNA (37 Labeling of infected-cell-specific proteins. Virus-induced proteins were identified in S. frugiperda cells infected with 10 PFU per cell of each virus isolate by pulse-labeling infected and mock-infected cell cultures with [3H]leucine as described by Vlak et al. (43) . Cultures were pulsed for 3-h intervals at 9, 15, and 24 h postinfection. Labeled proteins were analyzed on 10% polyacrylamide slab gels by the method of Laemmli (24) and detected by fluorography by the method of Bonner and Laskey (2) .
RESULTS
Isolation of FP mutants. Each of the plaquepurified GmMNPV MP isolates from which FP mutants were later derived exhibited identical restriction enzyme digest patterns with EcoRI, HindIII, ClaI, BamHI, SalI, PstI, XhoI, and XbaI (data not shown). This common genotype was designated GmMNPV strain C3 and was the predominant genotype in the original isolate. All of the plaque-purified MP isolates derived from AcMNPV strain E2 had identical patterns when analyzed with the above enzymes (data not shown).
Three FP mutants were obtained from GmMNPV (GmFPs 1 to 3) and five from AcAMNPV (AcFPs 1 to 5) after three passages in T. ni cells at multiplicities of 1 to 5 PFU per cell. Between 0.1 and 5% of the plaques produced from each passage series were FPs by the end of the third passage. Several FP plaques were purified from each passage series, and subsequent analyses with restriction enzymes showed that only one FP genotype predominated in each. One FP mutant, AcFP6, was isolated from S. frugiperda cells transfected with AcMNPV as described above.
Cloning of the GmMNPV HindlIl J and AcMNPV HindlIl I fragments. The HindlIl J fragment of GmMNPV and the Hindlll I fragment of AcMNPV have similar mobilities in agarose gels (Fig. 1 ). Because these fragments were altered in most of the FP mutants ( Fig. 2  and 3 ), they were cloned into the plasmid pUC8, and EcoRI, ClaI, AvaI, XhoI, and SalI restriction endonuclease sites were mapped.
The restriction maps of the cloned HindIII J fragment of GmMNPV and HindlIl I fragment of AcMNPV were identical (Fig. 1 ). Because they had identical restriction maps, we selected Restriction enzyme analysis of FP mutants. Three FP mutants derived from GmMNPV (FP1, FP2, and FP3) had detectable differences in restriction enzyme digest patterns when compared with those of the parent virus. All of these FP mutants were missing bands corresponding to the 4.95-kilobase-pair (kbp) GmMNPV HindIII J fragment (Fig. 2) , and additional fragments were altered in GmFPs 1 and 3.
From an analysis of these mutants with restriction endonucleases EcoRI, PstI, ClaI, and Sall, we concluded that GmFPs 1, 2, and 3 each had insertions of about 1.2, 2.6, and 0.8 kbp, respectively, in GmMNPV HindIII-J. The GmFP1 mutant also had a deletion of approximately 0.37 kbp in the 5.68-kbp fragment (HindlIl H) (Fig. 2) . This was confirmed in PstI digests by the replacement of the 2.00-kbp fragment (GmMNPV-PstI 0) with a 1.68-kbp fragment in GmFP1 (see Fig. 9 ). The GmFP3 mutant had a second insertion of about 0.6 kbp in HindIII-A (Fig. 2) , which was more obvious in PstI digests as a shift in the 2.89-kbp fragment (GmMNPV PstI K) to the 3.50-kbp fragment in GmFP3 (see Fig. 9 ).
Each FP mutant derived from AcMNPV exhibited differences in restriction enzyme digest patterns (Fig. 3) . The FP mutants 1, 3, 4, 5, and 6 were each missing the HindlIl I, EcoRI F, and PstI E fragments of AcMNPV as a result of insertions of 1.2, 2.5, 2.5, 2.8, and 0.9 kbp, respectively, in HindIII-I (Fig. 3) . In addition, the AcFP1 genome had a 17-kbp deletion in the 10.53-kbp fragment (AcMNPV HindIII D) (Fig.  3) .
The AcFP2 genome had no apparent differences in HindIII-I (Fig. 3) but did contain an additional ClaI site (map location unknown) not present in the AcMNPV genome (data not shown).
Hybridization of FP mutants with labeled pW+. The restriction enzyme analysis suggested that there were insertions in the 4.95-kbp fragments of GmMNPV (HindIII-J) or AcMNPV (HindIII-I) in all but one of the FP mutants isolated. To confirm that these fragments had acquired additional DNA sequences, we hybridized HindIII-digested viral DNAs to 32P-labeled pW'. The results ( Fig. 2 and 3 labeled T. ni cell DNA. All of the altered fragments in the GmFP mutants which contained HindIII-J sequences (Fig. 3) also hybridized with the labeled cell DNA (Fig. 5) (6) .
Hybridization of the cloned GmFP2 and AcFP6 insertions with cellular DNA. Restriction digests of T. ni cell DNA were separated by electrophoresis in 0.75% agarose gels and transferred to nitrocellulose as described above. The transferred DNAs were hybridized to 32P-labeled pW+ or to the labeled plasmid pGmFP2 which contains the 7.80-kbp GmFP2 HindlIl J' fragment. The GmFP2 HindIII J' fragment is composed of GmMNPV HindIII-J plus the inserted host DNA sequences (Fig. 4) .
When the cellular DNA was cleaved with enzymes which do not cut within the GmFP2 insertion (EcoRI, Hindlll, BamHI, Sall), hybridization with labeled pGmFP2 was restricted to the high molecular weight regions of the gel (Fig. 6) (Fig. 6 ), or AluI (Fig. 7) , almost all of the homology between the GmFP2 insert and T. ni cell DNA was reduced to one or two low molecular weight bands. The ClaI digest of T. ni cell DNA produced a 0.59-kbp fragment which contained most of the homologous sequences in pGmFP2 (Fig. 6, lane E) . This fragment was also present in the ClaI plus SacI double digest (Fig. 6 , lane G) but was not present in the ClaI plus Sacl digest of pGmFP2 (Fig. 6, lane H) . Analysis of several different clones of GmFP2 HindIII-J' suggested that the ClaI site, indicated by the asterisk in the restriction map of this insertion (Fig. 4) , is inactivated by the dam methylase present in E. coli JM 83 (15) . The resulting ClaI plus Sacl digest fragment of pGmFP2 at 1.53 kpb corresponded in size to the fragment which was predicted based on the inactivation of the designated ClaI site.
When cellular DNA was cleaved with Sacl, hybridization with labeled pGmFP2 produced a smear pattern (Fig. 6, lane F) . If ClaI and SacI were combined, the double digest reduced nearly all of the homology to two bands at 0.86 and 0.59 kbp (Fig. 6, lane G) . These bands corresponded in size to ClaI plus Sacl fragments which were predicted based on the restriction map of the insertion (Fig. 4) . These (Fig. 7) . A 1,280-bp AluI fragment was also present in pGmFP2 which hybridized with the labeled pGmFP2 but not with labeled pW+ (Fig. 7) indicating that the 1,280-bp AluI fragment was within the insert. A 960-bp AluI fragment in the digest of pGmFP2 hybridized to both labeled pW+ and labeled pGmFP2 and mapped at the end of the insertion in GmFP2 (Fig. 7) . Labeled pW+ had no detectable homology to cellular DNA, indicating that the hybridization observed between pGmFP2 and cell DNA was due to the inserted host sequences. These data showed that the insertion in GmFP2 contained a sequence which was homologous to a family of dispersed, repetitive DNAs in the T. ni cell genome. This repetitive DNA contained a 1,280-bp AluI fragment which was homologous to an AluI fragment of similar size in the GmFP2 insertion.
Hybridization of the cloned insert-containing fragment of AcFP6 (pAcFP6) to nitrocellulose blots of T. ni cell DNA (Fig. 8) showed that this insertion was also homologous to dispersed, repetitive DNA in the T. ni cell genome.
Homology between the GmFP2 insertion and other FP insertion sequences. The restriction maps of the insertions in GmFP2, AcFP3, and AcFP4 suggested that they might contain homologous sequences (Fig. 4) . These three insertions contained ClaI sites at approximately the same locations, and ClaI digests of these mutant viral DNAs produced unique bands of 0.59-kbp (Fig. 4) . Labeled pGmFP2 hybridized to the 0.59-kbp ClaI fragments in AcFP3 and AcFP4, demonstrating that these three insertions contained homologous cell sequences (data not shown).
The plasmid clone containing the 5.82-kbp HindIlI I' fragment of AcFP6 (pAcFP6) was labeled and hybridized to transferred restriction fragments of T. ni cell DNA. The inserted sequence in AcFP6 was also homologous to repetitive T. ni cell DNA, but these sequences were less numerous than the GmFP2 insert sequences in the cell genome.
Marker rescue of GmFP mutants with pW+. Experiments were conducted with the three GmFP mutants to determine whether the insertion of host cell DNA in HindIII-J could be correlated with the FP phenotype by rescuing the MP phenotype. S. frugiperda cells were transfected with purified DNAs from GmFP mutants 1, 2, and 3, either alone or with pW+ plasmid DNA, and progeny virus was screened for the presence of MP plaques by plaque assaying in T. ni cells (10) .
A few MP plaques could be detected among progeny virus from cells transfected with the GmFP3 mutant viral DNA alone, whereas none were detected in progeny from GmFP1 or (Table 1) . Restriction enzyme digests of these spontaneous revertants of GmFP3 showed that they were lacking the insertion in the 4.95-kbp Hindlll J fragment but retained the insertion in the 23.0-kbp HindIlI A fragment. The presence of this insertion was more apparent in the 2.89-kbp PstI K fragment (Fig. 9) .
Progeny virus from cells cotransfected with the GmFP mutant DNAs and pW+ plasmid DNA exhibited significantly higher percentages of MP plaques (Table 1) . No plaques were detected in assays of supernatants from cells transfected with the pW+ plasmid DNA alone.
Restriction enzyme digests of several rescued GmFP1 and GmFP3 viruses (GmFP1r and GmFP3r) showed that the insertions in the 4. (Fig. 9) . The deletion in the 5.68-kbp Hindlll H or 2.00-kbp PstI N fragments in GmFP1 and the insertion in the b The number of FP plaques present in the assays examined was estimated from the tissue culture infective dose of 50% of the virus inoculum.
23.0-kbp HindIII A or 2.89-kbp Pst K fragments in GmFP3 were retained in the respective rescued viruses (Fig. 9) .
The presence of the deletion in GmFP1 and the second insertion in GmFP3 allowed us to prove that the revertant or rescued viruses were not MP contaminants but were a result of recombination with GmMNPV HindIII-J or reversion through the loss of the inserted host sequences.
Analysis of infected-cell-specific proteins. 10 ), and it is noteworthy that the AcFP2 mutant, which had no detectable insertion or deletion in HindIII-I, also did not produce the 25K protein (Fig. 10 ). An analysis of the infected-cell-specific proteins produced by GmFPlr and GmFP3r demonstrated that the expression of the 25K protein was restored on replacement of the HindIII J fragment (data not shown).
DISCUSSION
GmAMNPV and AcMNPV undergo recombination with T. ni cell DNA at a specific site in the virus genome (AcMNPV HindIII-I) to produce mutants which contain host DNA sequences and express the FP phenotype. In our study, FP mutants were isolated at random within three serial passages of defined parental genotypes to minimize the possibility of multiple mutations. The most common detectable mutation associated with the FP phenotype was the insertion of host sequences in the GmMNPV HindIlI J or AcMNPV HindlIl I fragment. The four AcMNPV FP mutants isolated by Potter and Miller (32) after 25 passages in cell culture did not have detectable insertions in HindIII-I. Their results, along with our analysis of the AcFP2 mutant, indicate that in some mutants the FP phenotype may arise without detectable insertions in HindIII-I, suggesting that other kinds of mutations in this region, or perhaps mutations at other regions in the genome, may also cause FP plaque morphology mutants.
Six of the FP mutants isolated had insertions which contained sequences homologous to T. ni cell DNA. Although our results were only semiquantitative, the degree of homology to cell DNA seemed to vary among several of the insertions examined. The GmFP1 insertion sequences hybridized more intensely with the cell DNA probe than did the other FP insertions examined, whereas insertion sequences in GmFP3 hybridized very weakly with the labeled cell DNA and may therefore represent unique sequences of the T. ni cell genome.
The additional DNA in GmFP2 which exhibited intermediate homology to labeled cell DNA contained sequences that were dispersed and moderately repetitious in the T. ni cell genome.
In addition, the marjority of the host DNA in GmFP2 represented a distinct repeat sequence that contained a 1,280-bp AluI fragment and may be considered an Alu family of repeats in the T. ni cell genome. There was no evidence to suggest that this Alu family bears any structural or functional similarity to those Alu families characterized in mammalian genomes (for a review, see reference 20), but it is interesting that repeated sequences homologous to human Alu sequences have recently been identified in lower eucaryotes such as slime molds and echinoderms and also in amphibians and birds (41) . Homology was found between the host cell sequences in GmFP2 and large EcoRI, HindIII, Sall, and BamHI fragments of T. ni cell DNA, indicating that the repeated Alu sequences may be part of a larger repeat unit or that they may be clustered in the cell genome. Such clustering of repeated sequences is well documented (8, 20) .
Although the GmFP2 insertion did not appear to be the most repetitious T. ni cell sequence which was acquired in the FP (14, 18, 31) .
The acquisition of host DNA sequences by many animal viruses is a well documented phenomenon and was recently observed in baculoviruses (28) . Miller and Miller (28) (11, 25, 29, 30) . These mutants arise during serial passage at high multiplicities in vitro and usually exhibit a loss of viral DNA (11, 25, 29, 30) . Most of these recombinational mutants are defective and dependent upon helper viruses for replication (11, 25, 29, 30) . Insertion and substitution mutants which are nondefective and have acquired cellular DNA sequences at a specific region of the genome have also been isolated from adenovirus type 5 (21) . Recombinational mutants of these viruses are apparently related to their ability to integrate into the cellular genome (3, 11) . Unlike most simian virus 40 and adenovirus recombinational mutants, the FP mutants of baculoviruses are nondefective for viral replication (14, 31) To summarize, the FP phenotype was associated with the insertion of host DNA sequences in a restricted region corresponding to the AcMNPV HindIll I fragment in eight of nine mutants analyzed. Furthermore, all host DNA insertions detected in this study were located within a 500-bp segment between 35 .0 and 37.7 map units in the AcMNPV genome (10) . The host sequences acquired by each of the FP mutant viruses were unique, suggesting that the virus directs the acquisition of host DNA to this region of the genome. Several of the host inserts had restriction sites in common and contained homologous sequences. Finally, the acquisition of host cell DNA by AcMNPV was apparently not restricted to the cell culture system but may also occur in vivo, suggesting the possible involvement of this phenomenon in the evolution of baculoviruses.
